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ABSTRACT
Ramp metering has been widely installed in urban areas where congestion on a freeway or an
expressway may occur recurrently during weekday peak periods to enhance mainline throughput
and reduce system-wide delay. These operational benefits may also help reduce vehicular
emissions and improve air quality in urban areas. However, the impact on traffic safety due to
ramp metering hasn’t been explored in details before.  Supported by physical understanding and
arguments, we characterize the ramp metering influence on freeway safety by examining
vehicular collisions near on-ramp exits within the ramp meter operating hours before and after
the activation of the ramp metering.  Collisions for a sample of 19 operating ramp meters along
several freeways in northern California were collected and organized to show that ramp metering
can help reduce freeway collisions at the vicinity of on-ramp exits. It was found that the average
reductions on freeway collisions in the vicinity of an on-ramp exit are around 36%. Although
most of the reduced collisions belong to the property damage only category, a 36% reduction
shows the significant safety benefit of ramp metering. The traffic congestion induced by each
collision, especially during peak hours when ramp metering is in operation, could last for an hour
or two.  Consequently, ramp metering must be contributing to the reduction of non-recurrent
congestion in addition to mitigating recurrent congestion, which is better documented. This study
strongly supports the implementation of ramp metering in California. 
1. INTRODUTCTION
The primary purpose of installing a ramp meter is to manage the on-ramp traffic
volume to be merged into the freeway mainline and potentially smooth the mainline
operation and eventually improve mobility in a well connected freeway network.  It
isn’t obvious whether the on-ramp metering would reduce the number of freeway
collisions near the on-ramp exit.  It is in general observed that on-ramp metering has
many effects on the on-ramp traffic but we list a few here in the context of traffic flow
interactions between the on-ramp and the main line traffic: first, the ramp metering will
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make the on-ramp traffic, usually in queues around peak hours, more visible to the
upstream mainline traffic, the mainline drivers become more alerted of on-ramp traffic
merging ahead; second, the on-ramp driver would have some stop time to gauge or
estimate a possible gap in the mainline traffic, so the on-ramp drivers are more prepared
to merge ahead; third, it is likely that the speed at merging would be relatively slow if
the portion of the ramp beyond the ramp meter isn’t too long, normally in the
neighborhood of 500 ft beyond the gore area; and fourth, the time it takes an on-ramp
vehicle to travel from the metering spot to the merging completion point would be likely
doubled, leaving enough time for an upstream driver to take proper maneuvers. With
this in mind and the understanding of a successful merging requires some mutual
collaboration between the outside lane traffic and the on-ramp traffic, one may expect
the number of collisions near the on-ramp exit should be lower when a ramp meter is
installed and activated but there should be no guarantee that the activation will surely
reduce the number of collisions on freeways near the on-ramp exits because many
factors aren’t  in traffic engineer’s control, e.g., storms or snows, number of rainy days,
sobriety of drivers, change of traffic demands due to local or regional developments,
change of driver population characteristics/behavior, driver’s decision of selecting a
different commune ramp, traffic demand fluctuations, or a combination of multiple
uncontrollable factors. In this paper, we are not going to examine the effect due to these
uncontrollable factors on traffic safety near on-ramp exits but  primarily focus on
analyzing the possible collision reduction near on-ramps with known traffic volumes
and compare the collision reductions 3-year before and 3-year after the installation of
an on-ramp metering.  
2. FORMULATION
In order to assess the safety impact of ramp metering on freeway traffic, we first define
the area of interaction between the merging area of an on-ramp vehicle and the main
line traffic as shown in Figure 1. Merging usually is completed by the end of on-ramp
weaving length.  Most ramps examined in this study have the weaving length around
530-ft (0.1 mile). The elapse duration for traveling 500 ft on the weaving section would
be approximately 11 seconds for the average speed of 30 mph and 23 seconds for the
speed of 15mph. This elapse time is likely to be sufficient for an on-ramp driver who
has stopped at the meter to find a time gap and merge into the mainline traffic for
different traffic volumes in the mainline [1]. Meanwhile, a merging on-ramp vehicle can
create disturbance to upstream traffic in the mainline. This disturbance can propagate
upstream well beyond a ramp exit, and the boundary where it ends depends on freeway
features, scenarios, observations, and even traffic flow theories which one may have in
mind. It appears reasonable to set the immediate upstream boundary where the primary
interactions take place to be around 161 meters (530 ft). This upstream distance may be
justified by noting that (1) the traveled distance from the time when the upstream
vehicle driver seeing a slow merging vehicle to the time the driver completes the
deceleration and/or lane change could be equal to the 7.0 seconds decision time
multiplied by speed of 88 kph (55 mph), yielding about 172m (565 ft), (2) the traveled
distance from the time when the upstream vehicle driver seeing a nearly stopped
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merging vehicle to the time the upstream vehicle to come to a complete stop is about
164 meters (540 ft) assuming the outside lane speed is 88 kph, (3) most emergent stop
on freeway would cause four to five upstream drivers in the same lane to slam on their
brakes, meaning that the total headway for upstream traffic is likely to be around  7
seconds or more,  and (4) most on-ramps in an interchange on the same side of freeway,
are separated more than 322 meters apart.  Without further ado, the spatial window for
our study would go from 0.1 mile upstream to 0.1 mile downstream of an on-ramp exit,
and the size ‘L’ for this spatial window of viewing traffic collision will be 322 meters
(0.2 miles) for the rest of the discussions. This spatial window of collecting collision
data isn’t set in stone and should be adjustable in different contexts, and one may
choose a length scale of 0.25 mile so long as this scale has been justified based on some
physical/engineering/practical understanding. The duration of temporal window for
collecting collision data should be as long as possible but is constrained by two main
factors, one is the database size and the other is due to change of main roadway features
for traffic control and operations. The ramp meters for this study are chosen such that
their observation windows will fit well into the database span.  
Figure 1. Schematic drawing of a metered on-ramp.
Next, we introduced three parameters to characterize the collision reduction at a given
on-ramp exit. The first parameter is the percentage of reduction in collision numbers Ψ
regardless of traffic volumes, 
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(1)
Where subscripts ‘a’ and ‘b’ means after and before the ramp metering activation date;
parameter Nb is the number of collisions occurred over an observational duration at an
on-ramp exit prior to the metering activation; and N
a
the number of collisions for the
same length of duration after the ramp meter activation.  Parameter Ψ in general
wouldn’t be used often in practice because the flow information along the ramp and the
mainline is not considered in Eq. (1); however, it could be applied as an approximate
estimator when no actual flow information is available, e.g., when a ramp meter is to be
installed on a new ramp and traffic flow patterns in mainline has changed.  Next, we
introduce a different collision rate , in the unit of per million vehicles (PMV) as often
done by incorporating the traffic flow near an on-ramp exit, 
(i = a, or b) (2)
Where variables VR and VF stand for the annual average daily traffic (AADT) on the on-
ramp and in the mainline, respectively.  This collision rate  basically assigns the
probability of collisions to any vehicle going through the vicinity of any on-ramp exit,
and this rate should be viewed as a gross average of the collision rate near an on-ramp.
Since the merging interactions occur on one side of a freeway, VF is halved in Eq. (2).
The percentage of the rate reduction, λ, is given by 
(3)
The collision rate doesn’t emphasize the importance of interactions among the
vehicles near the on-ramp exit. So we introduce a collision rate , considering the
number of interactions, ‘Ip’. Ip is the product of the on-ramp traffic volume qR and the
mainline flow rate, i.e. the product qR and qF as shown in Equation (4):
(i = a, or b) (4)
Where ‘PMI” represents per million vehicle interactions, and the number of interaction
‘Ip’ on a daily basis is given by the following expression 
(5)
Where the ramp flow rate qR(t) is set to zero when the ramp metering is turned off for
evaluating the above integral, the length for the spatial window of data collection ‘L’ is
 (PMI) 
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set at 320 m (0.2 miles), and the speed on the mainline at time ‘t’ is represented by
‘uF(t)’. With no real time information available at the on-ramp in this study, we
estimated the number of interactions ‘Ip’ by the following expression
(6)
Where duration ‘∆’ is the daily total metering hours, usually 3 or 6 hours in this study,
and symbol ‘Up’ represents the average mainline flow speed in the daily metering hours,
which should be around 48 kph (30 mph). The rate of reduction in PMI is calculated
by 
(7)
Since two rates and π have been introduced to characterize the collision frequencies
near an on-ramp exit, it is fair to compare them here via the following equation
(8)
One may notice that this ratio χ, independent of the observed number of collisions,
becomes greater than 1 when the average speed Up in the mainline is relatively low, say
16 kph, indicating that the collision rate in PMI is lower in traffic jams than the
expected average rate in PMV.  This indication is reasonable because drivers can rarely
switch lanes and are forced to slow down to follow the traffic ahead when the speed
differential between an on-ramp merging vehicle and the freeway outside lane vehicles
is diminishing. In other words, the interactions among vehicles become relatively less
intense due to a lower speed differential. When typical numerical values 8000, 160000,
0.32 km, 3 hrs, and 48 kph are respectively assigned for quantities, VR, VF, L, ∆, and Up
in Eq. (8), this ratio is found to be approximately 0.57, meaning that the interactions
among vehicles might get out of control when frequent lane switching, higher speed
variations among vehicles, and other aggressive maneuvers can be factored into the
vicinity by an on-ramp exit.  
3. RAMP METRING SAMPLE STUDY 
Based on the aforementioned physical understanding and theories of on-ramp merging,
it is conceivable that the activation of an on-ramp metering would reduce number of
collisions in the vicinity of an on-ramp exit if the meter is installed properly and
operated with acceptable metering intervals. We have collected collision data for a total
of 19 metered on-ramps in northern California, including US Route 50 and 101, State
Route 85 and 99, and Interstate 5, 80, 205, and 580. On-ramps with a large change in
on-ramp traffic or with missing on-ramp flow information are excluded in this study.
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The collisions that are selected 3 years before the activation of an on-ramp meter took
place on weekdays within the time intervals matching with the installed meter operation
schedules, and the collisions that are selected 3 years after the activation of an on-ramp
meter took place within the installed meter operation schedules. The three different
reduction rates Ψ, λ, and are computed for 19 ramps selected for this study with
known traffic flow volume for both on-ramps and mainlines. There results are shown in
Table 1, where under the first column ‘Ramps’, short hand notion ‘LR’ is for loop ramp
and ‘DR’ for diagonal ramp.  These three reduction rates remain close so long as both
the on-ramp and the mainline traffic volumes hadn’t changed substantially over the
temporal window selected for collision data extraction. When averaged over these 19
on-ramps, the normal rates of reduction for parameters Ψ, λ, and are found to be
38%, 37%, and 35% respectively. Such level of collision reduction at on-ramp exits
provides justification for ramp metering installation where practical and in particular at
on-ramps where sight distances are limited or constrained. Assuming that at an on-ramp
exit, a total of 15 traffic collisions occurred in the past three years between 6:00 am and
9:00 am, installation of a ramp meter at this location would likely reduce 5 traffic
collisions in the next 3 years! 
A traffic engineer would prefer to see a positive reduction factor because it signals
ramp metering had a positive effect on improving traffic safety near an on-ramp exit.
Fortunately, three negative numbers appear in Table 1 but we shouldn’t be surprised
because the actual number reduction for all the three locations is respectively –1, –1, and
–3 when examining the table from top to bottom.  These small increases in the number
of collisions can well be due to statistical fluctuations. In reality, trying hard enough, a
traffic engineer might find a location with activated ramp metering has collision
reduction rate negative over a period of time, say 5 years.  If statistical errors are ruled
out, the engineer should look into this location by checking the causes for those
collisions before and after the metering activation, performing test drives at the location
under conditions similar to those when the collisions took place, as well as making test
drives to nearby metering locations where collision rates near on-ramp exits have been
substantially reduced, meanwhile keeping in mind of those uncontrollable factors or at
occasions the layout of the associated interchange. 
4. CONCLUSION
Based on physical and theoretical understanding of merging interactions at the on-ramp
exit area, we proceed to set up a spatial and temporal window to examine traffic
collisions near the exit area using a sample made up of 19 on-ramps on several freeways
in northern California. The size of spatial window is not fixed for all cases and can be
tuned to fit any particular study to discuss the influence of on-ramp metering on traffic
operational safety in the vicinity of the on-ramp exit area; but the size should be justified
by looking into the extent of possible physical interactions between on-ramp and
mainline vehicles. The duration of the temporal window should be set practically long
enough to smooth out statistical fluctuations, especially for exit areas with low collision
frequencies, say one or two per year, prior to   ramp meter installation/activation. It was
found that the average reductions on freeway collisions in the vicinity of an on-ramp
exit are around 36%. This reduction is quite impressive for improving network mobility.
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It is well-known that any reduction in the number of collisions may lead to significant
reduction in freeway congestion. Ramp meters should be implemented at all freeway
on-ramps, especially those with recurrent congestion on the mainline. 
A new collision rate is introduced in this study based on the possible number of
interactions inside the spatial window of operations, which is usually larger than the
conventional rate . This signals that the ramp merging maneuvers are not as safe as
imagined when the collision risk associated or stemmed from a merging maneuver is
assessed by applying the conventional evaluation, and this higher risk of collision
characterized by the rate is inherent with the interactions among driver-vehicle units
near on-ramp exits. Ramp meter installation was found to be able to lower this collision
risk by approximately 36%. Since collaboration among drivers is required for complete
an on-ramp merging safely, ramp meter installation should be recommended for on-
ramps with constrained sight distances. The elimination of this risk may be
accomplished by replacing the driver’s control near any on-ramp exit with a wireless
artificial intelligence agent, who is built into a vehicle  and on call by a GPS system for
driving whenever the vehicle is approaching a location where higher risk of traffic
collisions is anticipated.
Table 1:  Three collision reduction rates for traffic collisions near onramp exits
are shown by comparing collision data 3-yr after and 3-yr before the activation
of onramp metering with traffic flow information
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